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Previous studies on the modelling of coupled thermo-hydro-mechanical (THM) processes in bentonite-based engineered
barrier systems (EBSs) showed the sensitivity of the output quantities to changes in the input parameters. To investigate
the effects of uncertainties on the modelling results, to improve the understanding of the coupled processes active in the
repository near field and to gain in-depth understanding of model uncertainties of different codes, a sensitivity analysis
and code comparison of EBS simulations was performed within the Task Force on Engineered Barrier Systems. The
analysis included variations in material parameter values, boundary and initial conditions, considered physical processes
and model geometries, amounting to 60 different cases. This in-depth analysis helped evaluate the influence of
parameter and conceptual uncertainties on the results of coupled THM simulations and to identify key parameters and
processes. The cross-code comparison encouraged a fruitful exchange among modelling teams and led to very good
agreements between the results of the different codes. Serving as a benchmark example for THM-coupled simulations of
bentonite-based EBSs, the study helped increase the confidence in the modelling capabilities of several codes used for

safety evaluations of repositories for spent fuel and high-level radioactive waste.

Notation t; time constants (years)

a; fuel age coefficients u displacement (m)

c specific heat capacity (J/(kg K)) X independent variable

D elasticity tensor Y dependent variable

der strain increment due to temperature changes or thermal expansion coefficient (K™')

E Young’s modulus (MPa) B effective stress parameter

I unity matrix ) parameter of the relative permeability function

ki intrinsic permeability (m?) £ strain

Rrel relative permeability Ens hygroscopic strain

MR parameter of the van Genuchten function A heat conductivity (W/(m K))

n porosity u viscosity (Pa s)

P canister power (W) p density (kg/m°)

Py parameter of the van Genuchten function (MPa) o total stress (MPa)

n pore pressure (MPa) o’ effective stress (MPa)

qn heat flux (W/m?) Orad> Owany Oaxi Tadial, tangential and axial stress components (MPa)
qQ liquid phase flux (m/s) Osw,max maximum swelling pressure at a change of liquid
Si liquid saturation saturation of AS; = 1-0 (MPa)

s suction (MPa) T tortuosity

T temperature (K) v Poisson’ ratio

t time (years) x Bishop’s parameter
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Introduction

In many concepts for the deposition of high-level nuclear waste,
clay-rich materials are intended as an engineered barrier between
the waste canister and the surrounding host rock. The behaviour
of these materials is characterised by their swelling properties and
low hydraulic conductivity, which makes a clay-rich material a
favourable component of a multiple-barrier system to limit
contaminant transport from the waste canisters. The heat-emitting
canister, together with the geological and the geotechnical
barriers, is the seat of a system of strongly coupled thermal,
hydraulic, mechanical and chemical (THM-C) processes. The
ability to understand these interacting processes and to represent
them in numerical models is essential for safety evaluations of
repositories for spent fuel and high-level radioactive waste.

Previous studies on the thermo-hydro-mechanical (THM) modelling
of engineered barrier systems (EBSs) showed the sensitivity of
important output quantities to changes in the input parameters (Gens
et al., 1998; Rutqvist and Tsang, 2008). To investigate the effects of
uncertainties on the modelling results, to improve the understanding
of the coupled processes active in the repository near field and to
gain in-depth understanding of model uncertainties of different
numerical codes, a sensitivity analysis and code comparison of EBS
simulations was chosen as one of the tasks within the project Task
Force on Engineered Barrier Systems. Initiated in 2004 by the
Swedish Nuclear Fuel and Waste Management Company (SKB),
the project’s objectives are to verify and enhance the capability to
model the coupled THM-C processes in bentonite buffers and
the repository near field. This paper describes the main outcomes
of the sensitivity analysis and the code comparison performed
within the Task Force on Engineered Barrier Systems.

The base case model of the sensitivity analysis and the code
comparison is not only a simplified, but also a meaningful
representation of a single deposition hole in the Swedish disposal
concept KBS-3V. The sensitivity analysis is not a site-specific task.
To obtain a representative base case model and relevant parameter
ranges, it was necessary to define thoroughly the material
parameters based on literature data of experimental findings from
representative sites and samples. The sensitivity analysis included
variations of material parameter values, boundary and initial
conditions, considered physical processes and alternative model
geometries, amounting to 60 different modelling cases. This in-
depth analysis helped evaluate the influence of parameter and
conceptual uncertainties on the results of coupled THM modelling
of EBS and identify key parameters and key processes.

A subtask of the sensitivity analysis was code comparison, using
the base case model of the sensitivity analysis as a reference case.
The code comparison was divided into the following stages with
increasing complexity

(a) stage 1: thermo-hydraulic (TH) calculation neglecting vapour
diffusion
(b) stage 2: TH calculation considering vapour diffusion

(i) stage 2a: with constant fluid properties
(i) stage 2b: with temperature-dependent fluid properties
(iif) stage 2c: using a two-phase flow approach

(c) stage 3: THM calculation

(i) stage 3a: with only elastic material behaviour
(i) stage 3b: with an additional simplified swelling term for
the bentonite.

Six teams participated in the subtask, providing results of six
different numerical codes (Wood using Tough2—Flac3D, the Federal
Institute for Geosciences and Natural Resources (BGR) using
OpenGeoSys (OGS), Clay Technology using Comsol, the Central
Research Institute of Electric Power Industry (Criepi) using Lostuf,
Ecole Polytechnique Fédérale de Lausanne (EPFL) using Lagamine
and Universitat Politécnica de Catalunya (UPC) using Code Bright).
The results were compared in terms of evolution of temperature, pore
pressure, saturation and stress components.

Task description

Base case description

Geometry

Based on the Swedish disposal concept for spent nuclear fuel, the
base case model of the sensitivity analysis and the code comparison
is a simplified representation of a single KBS-3V deposition hole in
a two-dimensional (2D) axisymmetric model (Figure 1). The
different bentonite elements are simplified to a homogeneous buffer
material. The access tunnel and backfill material are neglected. To
reduce the mesh size, the canister is not discretised; instead, the heat
source term is applied to the canister—buffer interface. To study the
influence of geometric model simplification, models with the
bentonite blocks, rings and pellets as materials with different initial
properties were part of the assessment modelling.

Considered physical processes

In the base case, the coupled TH processes are considered,
applying Richards’s approximation in order to reduce the
complexity of the models. The gas phase pressure is assumed to
be at atmospheric pressure at any time. Vapour diffusion,
temperature-dependent fluid properties and a two-phase flow
simulation are considered in specific cases of the code comparison
and sensitivity analysis.

The mechanical behaviour of the rock is simulated by an elastic
material law. For the buffer, a simplified swelling law was
proposed in the task description in order to facilitate the
comparison and to allow for a relatively easy implementation. It
defines the build-up of swelling pressure proportional to the
change in liquid saturation. The effective stress increment is
calculated by

1. dO'/ = D:(dé’ - dST) - ASlcrsw,maxl
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Figure 1. Model dimensions

where D is the elasticity tensor; de is the elastic strain increment;
dér is the strain increment due to temperature changes; S is the
liquid saturation; and I is the unity matrix. The model parameter
Oswmax corresponds to the maximum swelling pressure at a
change of liquid saturation of AS; = 1-0.

The total stress is defined according to Equation 2.

Here, compression stress is negative, while pore pressure p; is
positive. The effective stress formulation is chosen that is
available to all codes applied in the comparison; with the effective
stress parameter § = 1-0 and Bishop’s parameter y being defined
as follows

00 if S < 1.0
3 X7 1.0 if S, = 1-0

Boundary and initial conditions

The calculation sequence is divided into two phases — a purely
hydraulic calculation of the open deposition hole followed by a
TH or THM calculation of the time after disposal of the waste
canister. The boundary and initial conditions applied to the
benchmark model are summarised in Figure 2.

In the first phase, atmospheric pressure is applied to the boundary
of the open deposition hole and hydrostatic pressure is initially set
in the model domain.

The resulting pressure field of phase 1 is used as the initial
condition in the second phase. The hydraulic boundary conditions
at the outer model boundaries are the same as in phase 1. At the
upper and lower model boundaries, the hydrostatic pressure is
applied as a boundary condition. At the symmetry axis, the outer
vertical model boundary and the canister boundary, a ‘no-flow’
boundary condition is prescribed. For the mechanical calculations
in stage 3 of the code comparison, the nodal displacements are
fixed to zero at the symmetry axis, the canister boundary and the
lower and the outer vertical boundary. A vertical load equal to the
lithostatic stress at the corresponding depth is prescribed at
the upper boundary. The temperature is initially set to 15°C in the
model domain and fixed at the upper and lower model
boundaries.

The evolution of the canister heat is simulated by applying an
exponential expression (Equation 4) and assuming SKB’s target
initial power of 1700 W. The estimated values of the coefficients
are given in Table 1. Closely spaced tabular values of the canister
power evolution are provided as model input to avoid deviations in
the results due to different ways of applying the heat source term.
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Figure 2. Boundary and initial conditions




Table 1. Time constants and coefficients for the exponential
power expression

i t;: years a;

1 20 0-060147
2 50 0-705024
3 200 —0-054753
4 500 0-249767
5 2000 0-025407
6 5000 -0:009227
7 20000 0-023877

with P(0) as the canister power at time of deposition; a; as the
coefficients dependent on the fuel age; ¢ as time; and #; as time
constants.

Material properties

To obtain a representative base case model for the sensitivity
analysis, the material parameters were thoroughly defined based
on literature data of experimental findings (Schéfers, 2011).

ROCK PROPERTIES

The sensitivity analysis is not site specific; therefore, a significant
variability of the rock properties has
Representative values for the rock properties were chosen for the

been considered.
benchmark model of the code comparison by either selecting
parametric values from the literature or defining the values through
parametric studies. The rock properties are compiled in Table 2.

The intrinsic permeability of the rock is set to 1 x 107 m? It
was determined in a parametric study to guarantee sufficient
supply of water from the rock so that the saturation process of the
EBS is controlled by the bentonite properties (Schifers, 2011).
The effects of rock fractures and the excavation-damaged zone
are neglected.

The retention behaviour of the rock is described by a van

Genuchten function (Equation 5) and the relative permeability
ket by Equation 6. The corresponding parameters Pgro (in

Table 2. Parameters for rock material

megapascals) and my are chosen based on measurement data from
the Grimsel site (Finsterle and Pruess, 1995).

o\ M)
S(s) =1+ (—)
l Pro

—mg

6. ke (S) = \/§1[1 _ (1 _ Sll/mk)mk:|2

with S as the liquid saturation and s as the suction (in megapascals).

Calculations of the thermal conductivity from mineral analyses for
different rock types at the Aspo site give values of 2-6 W/(m K)
for Aspd diorite and 3-05 W/(m K) for Avrd granite (Sundberg,
2003). The thermal state of the rock around the repository can be
realistically modelled only at the repository scale. The spacing of
the deposition holes and emplacement drifts as well as the rock
mass surrounding the repository determine the temperature
evolution in the near field, which cannot be adequately captured
by a simplified 2D axisymmetric model. Since the benchmark
model is on the deposition hole scale, the thermal conductivity is
calibrated in a parametric study to reach representative maximum
temperature values higher than 80°C in a point in the buffer close
to the heater. The adopted parameter value for the benchmark
model is 2-4 W/(mK) (Schéfers, 2011). The volumetric heat
capacity was estimated from measurements to 2-16 MJ/(m® K) for
Aspé diorite and 2:06 MJ/(m® K) for Avrd granite, which are the
main rock types at the Aspo site (Sundberg, 2003). With an
assumed rock density of 2700 kg/m®, this results in specific heat
capacity values ranging from 760 to 800 J/(kg K). The adopted
parameter value for the benchmark model is ¢ = 770 J/(kg K); it
was set to a fixed value for the calibration of the heat
conductivity. The values for density, heat conductivity and heat
capacity are used as solid-phase properties for the calculation of
the porous medium properties.

Parameter Symbol  Base case value Source Variations
Density Pr 2700 kg/m? Akesson et al. (2010a) —
Porosity NR 0-003 Akesson et al. (2010a) 0-001-0-005
Retention properties Equation 5 Akesson et al. (2010a), Finsterle and Pruess Pro = 5-50 MPa, mg = 0-33
Pro = 1-74 MPa (1995) Pro = 4-00 MPa, mg = 0-65
mg = 0-60 Pro = 0-70 MPa, mg = 0-33
Intrinsic permeability Kri 1:0 x 107" m? Parametric study (Schafers, 2011) 1-0 x 1072'-1-0 x 107> m?
Relative permeability KR rel Equation 6 Akesson et al. (2010a), Finsterle and Pruess Kg el = St
mg =06 (1995) Kol = Si
Tortuosity ) 1-0 Akesson (2006) —
Heat conductivity AR 2-4 \W/(m K) Parametric study (Schafers, (2011) 2:4-3-9 W/(m K)
Specific heat capacity CR 770 J/(kg K) Sundberg (2003) 750-850 J/(kg K)
Thermal expansion coefficient O R 7-2 x 106! SKB (2006a) —
Poisson'’s ratio VR 0-24 Staub et al. (2002) —
Young's modulus Er 62 x 10° MPa Staub et al. (2002) —



BUFFER PROPERTIES

The material parameters for the buffer are given in Table 3. The
values for density and heat capacity are used as solid-phase
properties.

A commonly applied suction—saturation relationship is the van
Genuchten function. While this curve can be fitted nicely to
suction values corresponding to saturations higher than the initial
conditions, it displays larger deviations from the experimental
data in the case of dehydration of the material (Akesson et al.,
2010a). The desaturation of the buffer due to the heating of the
canister is an important aspect of the benchmark model. Therefore
an extended van Genuchten function is applied (Equation 7),
which can be adapted to the measured values for both increasing
and decreasing saturation through fitting of the model parameters
Py (in MPa) and myp (Akesson et al., 2010a).

]/(1””3) mg
1+ (L) (1 _ L)
7. Py Py,

A general power law (Equation 8) is assumed for the relative
permeability of bentonite buffer material (Borgesson and
Hernelind, 1999).

—my

Table 3. Parameters for buffer material

8. krel(Sl) = S16

A value of 8= 3 is defined here, as determined by Borgesson and
Hernelind (1999).

For those stages of the code comparison that consider two-phase
flow, the relative permeability for the gas phase is given by Equation
9 based on assumptions by Akesson (2006). As pointed out by Villar
and Lloret (2001), the intrinsic permeability for gas flow in dry clay
can differ by up to eight orders of magnitudes compared to water
flow tests in saturated clay, which is attributed to differences in the
microstructural arrangements due to the swelling of the clay.

9. ki = 1x10°(1 - 5)*

The heat conductivity of the buffer A is described as a function
of the degree of saturation. In the code comparison, the following
expression is used (Akesson et al., 2010a)

10. Ag(S) = 0-7(1 = S)) + 135,

Parameter Symbol Base case value Source Variations
Particle density Ps 2780kg/m>  Akesson et al. (2010a) —
Density at saturation P8 sat 2000 kg/m? Averaged based on the report by SKB (2010) 1950-2050 kg/m?>
Initial liquid saturation Sio 0-61 Calculated based on the reports by Akesson et al. 0-54-0-68
(2010a), Borgesson et al. (2002) and SKB (2006b)
Porosity ng 0-438 Calculated based on the reports by Akesson et al. —
(2010a), Borgesson et al. (2002) and SKB (2006b)
Retention properties — Equation 7 Calculated based on the report by Akesson et al. —
Pso=5523MPa  (2010a)
mg = 0-16
Py 1 = 950 MPa
mg = 1-6
Intrinsic permeability kg 64 x 102" m?  Calculated based on the reports by Akesson etal. 3-8 x 1072'-1-0 x 1072° m?
(2010a) and Borgesson et al. (1995)
Relative permeability for the K rel S Borgesson and Hernelind (1999) St
liquid phase St
Tortuosity Tg 1-0 Hokmark (2004) 0:-1-1-0
Relative permeability for the K rel,g Equation 9 Akesson (2006) —
gas phase (stage 2¢)
Heat conductivity As Equation 10 Akesson et al. (2010a) Equation 11
Equation 12
Equation 13
Specific heat capacity (solid Cs 800 J/(kg K) Borgesson and Hernelind (1999) 800-1100 J/(kg K)
phase)
Linear thermal expansion O ¢ 34 x 107°K™"  Bérgesson et al. (1995) —
coefficient
Poisson’s ratio Vs 0-2 Akesson et al. (2010a) 0-1-0-4
Young's modulus Eg 20-0 MPa Calculated based on the report by Akesson et al. 0-1-90-0 MPa
(2010b)
Maximum swelling pressure @y, TER 13-4 MPa Derived based on the report by Akesson et al. 5-6-29-7 MPa

(2010a), assuming linear dependence of swelling
pressure on liquid saturation



Different expressions for the saturation-dependent heat conductivity
are used in the sensitivity analysis (Akesson et al., 2010a)

1. 25(8) = 07(1 = 8) + 1:35,

12 Ag(S) = 135 x 0330750

— 05c082 [P 1 13sin2 (™
13 Ag(S)) = 0-5cos (2 ) + 1-3sin <2>

The definition of the thermal expansion value for the buffer material
is based on the findings of Borgesson et al. (1995). They concluded
from thermal expansion tests performed on MX-80 samples that the
thermo-mechanical interaction is dominated by the expansion of the
pore water, not of the solid particles. The key parameters are the
thermal expansion coefficient and the compressibility of pore water
as well as the degree of saturation. The thermal expansion
coefficient of the bentonite particles is therefore set to 3-4 X
10 °K™", and it is not varied in the sensitivity analysis.

Assuming a linear dependence of the swelling pressure on liquid
saturation, the maximum swelling pressure Oyymax = 13-4 MPa is
derived from the initial liquid saturation and density at saturation
according to the report by Akesson et al. (2010a).

FLUID PROPERTIES

The fluid properties are listed in Table 4. To simplify the
numerical model, the fluid viscosity and density are kept constant
in stages 1, 2a, 2¢, 3a and 3b of the code comparison. Since the
temperature dependence of the fluid properties has a significant
influence on the modelling results, stage 2b — where temperature-
dependent fluid properties were considered — was added to the
code comparison. The temperature-dependent fluid density was
given as tabulated values, based on the publication by Bettin and
Spieweck (1990). The values for the fluid viscosity are derived by
Equation 14 (Yaws et al., 1976) and were given as tabulated
values.

W(T) =1 x 107 exp (—24-711 + 4209-1/T

14, + 0045277 - 3376 x 10°T7)

Table 4. Liquid phase input parameters

Parameter Symbol
Density pi
Viscosity Hi
Heat conductivity A
Specific heat capacity q

Value

1000 kg/m? or p, = A7) (stage 2b)
1-0 x 1073 Pas or Equation 14 (stage 2b)
0-6 W/(m K)

4-183 kJ/(kg K)

with (1 as the viscosity in pascal-seconds and 7 as the temperature
in kelvin.

Sensitivity analysis

Variation of material properties

One major goal of the sensitivity analyses is to study the effects of
parameter variations on the modelling results and to identify the
key parameters of the numerical model. The considered variations
of material parameters are given in Tables 2 and 3. They include
the rock and buffer properties relevant for the thermal, hydraulic
and mechanical processes. As a first approach to assessing the
influence of individual parameters on the output quantities with
reasonable computational costs, it was decided to conduct a local
sensitivity analysis — that is, to vary one parameter at a time. This
first analysis will lead to an understanding of the influence of single
parameters on the modelling results and may serve as the basis for
more computational demanding varying multiple
parameters at a time.

analyses

An exception is the variation of the initial state of the buffer. As
specified in the design premises for the KBS-3 concept, the
density at saturation for MX-80 bentonite ranges between 1950
and 2050 kg/m® (SKB, 2010). An average value of 2000 kg/m® is
assumed in the base case model. In the sensitivity analysis, the
minimum and maximum values of the bentonite density at
saturation are investigated, including the variation of initial liquid
saturation, porosity, retention properties, intrinsic permeability,
Young’s modulus and maximum swelling pressure.

Variations of boundary and initial conditions
Model uncertainties concern not only the material parameters, but
also the applied boundary and initial conditions.

To derive the initial hydraulic state in the rock before the
emplacement of the canister, a purely hydraulic calculation of the
open deposition hole is conducted. In the base case, a relative
humidity of 100% and a water pressure of 0-1 MPa are assumed
at the borehole boundaries. Variations considered in the sensitivity
analysis include applying a lower relative humidity (80%) to the
borehole boundary, omitting and extending this first calculation
phase (from 30 d to 30 years).

SKB’s target initial power of 1700 W is applied to the base case
model. Different initial power assumptions are considered, from
1837 W for 30-year-old fuel to 1545 W for 40-year-old fuel based
on the report by Hokmark and Filth (2003). The corresponding
canister power evolutions are depicted in Figure 3.

Source

Approximation
Approximation
Approximation
Approximation

Bettin and Spieweck, 1990)
Yaws et al., 1976)

Ramires et al., 1994)
Wagner and Pruf3, 2002)

P



Variations of considered physical processes

Neglecting different physical processes and their coupling relations
in the numerical model may help identify those processes which
dominate the coupled system behaviour. Furthermore, the variation
of considered processes is of particular interest when comparing
different numerical tools. It may help identify potential influences
of different implementations of physical processes on the modelling
results. Variations considered in the sensitivity analysis include the
neglect of thermal and mechanical processes as well as omitting
vapour diffusion and considering temperature-dependent fluid
properties, adding or omitting one process at a time.

Code comparison

Stages of the code comparison

The code comparison was divided into six different stages with
increasing complexity of the coupled simulation. Temperature
effects from the heating of the canister are considered in all stages
of the code comparison. In stage 1, vapour diffusion is neglected
and the fluid flow is simulated using Richards’s approximation. In
stage 2a, the simulation is extended by including vapour
diffusion. To account for the effects of temperature changes on
the fluid properties, the fluid density and viscosity are defined as
functions of the temperature in stage 2b. In stage 2c, a two-phase
flow simulation is performed, taking into account the changes in
gas phase pressure. In the THM simulations of stages 3a and 3b,
Richards’s approximation is applied, vapour diffusion is
considered and the temperature-dependent fluid properties are
neglected. For the mechanical process, only the elastic material
behaviour is considered in stage 3a, neglecting the swelling term
in Equation 1. In stage 3b, a term for the swelling of the bentonite
is considered by the simplified swelling law (Equation 1).

Codes and models

TOUGH2 AND FLAC3D USED BY WOOD

The numerical modelling performed by Wood is achieved through
the coupling of Tough2 and Flac3D. Tough—Flac3D coupling was
presented as a pragmatic approach for modelling coupled
multiphase flow, heat transport and geomechanical problems
(Rutqvist and Tsang, 2003). In this approach, Tough2, an integral
finite-difference code, is used for solving multiphase flow and heat
transport equations, whereas Flac3D, a finite-volume code, is used
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Figure 3. Variations of canister power evolution

for solving geomechanical stress—strain equations through a
sequential coupling. For the purposes of this modelling task, only a
unidirectional coupling between the hydraulic and the mechanical
process is assumed, neglecting the effects of the mechanical
behaviour on the hydraulic-thermal processes. The EOS7R module
of Tough2 was utilised for the modelling of all stages. To achieve a
Richards-type approximation (requirement of stage 1) using EOS7R,
the following assumptions were introduced: assignment of high gas
permeability in the buffer (five orders of magnitude higher than the
liquid permeability) and the host rock (two orders of magnitude
higher than the liquid permeability) and introduction of an outflow
boundary condition only for the gas phase on the canister buffer
interface, allowing the gas to ‘disappear’ through the canister wall.
For the mechanical processes in the bentonite, the swelling law
proposed in the task description (Equation 2) is applied.

OGS USED BY BGR

BGR uses the finite-element (FE) code OGS, which proved
suitable for modelling the behaviour of clay-rich materials as
engineered barriers (Nowak, 2007; Nowak and Kunz, 2010). The
governing equations of coupled THM problems can be found in
the papers by Wang et al. (2009, 2010). In OGS, Richards’s
approximation is available, as well as non-isothermal two-phase
flow. For the mechanical processes in the bentonite, a simplified
swelling law is applied, as proposed in the task description
(Equation 2). While full coupling between the hydraulic and
mechanical process is implemented in OGS, for this task only
unidirectional coupling is considered between the hydraulic and
mechanical processes. While the saturation and pore pressure
influence the stress components, the effect of the mechanical
behaviour on the hydraulic process is neglected.

LOSTUF USED BY CRIEPI

Criepi developed an in-house coupled THM analysis program,
Lostuf (Sawada et al., 2017). The original formulation of coupled
hydroelasticity was extended to a partially saturated thermo-
hydroelastic medium; the hydraulic processes are based on
Richards’s approximation. For the models used in the code
comparison, the effect of the mechanical behaviour on the
hydraulic process is neglected and the mechanical behaviour of
the bentonite is described by an elastic constitutive equation. The
swelling pressure is defined in linear dependence on the liquid
saturation, as proposed in the task description (Equation 2).

LAGAMINE USED BY EPFL

The modelling activity carried out at EPFL wused the FE
environment Lagamine (Charlier, 1987; Charlier ez al., 2001). The
code was developed by the Department of Geomechanics and
Engineering Geology of the University of Liége. The Soil
Mechanics Laboratory of EPFL contributed in the development
and implementation of constitutive laws for partially saturated soils
under non-isothermal conditions. Lagamine uses a compositional
approach to write the mass balance equations, meaning that the
mass balances are described for the species rather than for the
phases. The liquid phase contains two species, liquid water and



dissolved air, while the gas phase is composed of dry air and water
vapour. The equilibrium between liquid water and water vapour is
controlled by the temperature. The solid, liquid and water phases
are assumed in thermal equilibrium, and a unique temperature is
defined for the whole mixture. Heat transport is governed by
conduction and convection, with the thermal conductivity of the
mixture obtained as a volume-weighted average of the thermal
conductivity of each phase. A more detailed description of the use
of Lagamine by EPFL for the reported modelling activity can be
found in the paper by Qiao et al. (2015).

COMSOL MULTIPHYSICS USED BY CLAY TECHNOLOGY

The numerical modelling done at Clay Technology was carried
out using Comsol Multiphysics (Comsol, 2017). While most of
the physics required for the code validation task was readily
available as part of the main program and modules (subsurface
flow, structural mechanics), some parts were not. In particular,
vapour diffusion had to be implemented using the weak
contribution interface following a similar formulation to that used
in Code Bright (see later). In stage 3b of the code comparison,
the swelling term is added as a strain contribution in the linear
elastic interface. This was accomplished by modifying the built-in
hygroscopic strain contribution &, so that the term

o O-sw,max Sl
Ehs

15. - E(1-2v)

was added to the inelastic strain.

CODE_BRIGHT USED BY UPC

UPC uses Code Bright, an FE code that enables coupled THM
analysis in geological media. The mechanical models used are a
linear elastic one for the rock in all models and for the bentonite
in the most basic case. In the case of swelling of the bentonite
being taken into account, a thermo-elasto-plastic model is
considered, in which the volumetric deformation depends on the
suction and mean effective stress; the specified relationship
between the degree of saturation and the swelling stress is not
available in the code. Also, the bidirectional hydro-mechanical
coupling cannot be switched off in Code Bright. Instead, a model
is used that shows the most similarities to the specified swelling
model. More information about these models can be found in the
Code_Bright User’s Guide (UPC, 2017). In the Code Bright

model for stage 3b of the code comparison, the two-directional
coupling between the hydraulic and mechanical process is taken
into account — that is, the porosity of the bentonite is changed by
the swelling process.

SPATIAL DISCRETISATION

In the base case development for the sensitivity analysis, the
influence of the spatial discretisation on the model accuracy was
evaluated (Schéfers, 2011). This emphasised the importance of a
mesh convergence study before conducting the code comparison.
The number of elements between the observation points and the
buffer-rock interface proved to be a decisive parameter.
Characteristic values of the spatial discretisation of the different
models used in the code comparison are summarised in Table 5.

Results

The modelling results are presented as time plots for different
points in the buffer. The evolution of the output quantities
temperature 7, pore water pressure p; and suction s, liquid
saturation S; and the stress components Oy, Own and O,y are
compared for three points in the upper buffer section (PO1-P03)
and three points in the mid-heater section (P11-P13) (Figure 4).

Each calculation case is characterised by a set of input variables
X; — the so-called independent variables — and a set of output
variables Y (X;) — or dependent variables. The following seven
output variables Y (X;) are determined for the six observation points

value and time of maximum temperature — Tiyax, #(Tmax)

time of full liquid saturation — #(S; > 0-99)

value of maximum suction — s,,«

values of stress components after 1000 years — Opag, Opan and Opy;-

To facilitate the comparison between the different calculation
cases, the absolute change in the dependent variable relative to
the base case value is calculated (Equation 16).

’AY
16. Yy

Y(X) — Y(X)
‘ Y (X))

To quantify the influence that a change in the input variable has on
the output quantities, a relative change in the dependent variable by
more than 10% is assumed to represent a ‘high’ influence, while a

Table 5. Characteristic values of model spatial discretisation used in the code comparison

Mesh

Code
Element type Number of elements Number of elements across mid-heater section

Tough2-Flac3D Quad 4156 14

OGS Tri 14 871 16

Lostuf Quad 16 000 16

Lagamine Quad 2768 10

Comsol Quad-Tet mix 5836 8

Code_Bright Quad 3206 or 3964 (stage 3) 12 or 14 (stage 3)
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Figure 4. Location of observation points

relative change below 10% is assumed to represent a ‘low” degree of
influence of the parameters for the selected ranges.

Results of the sensitivity analysis

The sensitivity analysis was performed by different teams using
different numerical codes (Gordon et al., 2014; Sawada, 2016;
Schifers, 2012).

Variations of material properties
Exemplary results of calculations performed by BGR using the
FE code OGS are shown in Figures 5 and 6. An increase in the

heat conductivity of the rock from 2-4 to 3-9 W/(mK) leads to a
decrease in temperatures in all observation points in the buffer
(Figure 5). The maximum temperature at point P11 is reduced
from 81 to 65°C, a relative change of approximately 20%.

Changing the buffer intrinsic permeability results in changes in
the evolution of liquid saturation in the buffer (Figure 6).
The time until full liquid saturation (S; > 0-99) is reached at point
PO1 varies between 4-1 years for kg; = 1:0 X 102°m? and 85
years for 3-8 x 102" m?. Related to the base case result of 5-8
years, this represents a relative change of approximately 29-46%.

Based on the relative change in output quantities (Equation 16),
the degree of influence of each input variable variation on the
thermal, hydraulic and mechanical process is identified (Table 6).
The material parameters that are identified to have a significant
influence on one or more output quantities are: rock intrinsic
permeability, buffer intrinsic permeability, buffer density at
saturation (including retention, permeability and swelling
pressure), rock thermal conductivity, buffer tortuosity and rock
retention. While some parameters show an influence on the
evolution of the stress components in the buffer, only the
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Figure 5. Range of temperature evolution at different points in
the buffer for variation of heat conductivity of the rock (‘base
case’: 2-4 W/(m K); ‘variation’: 3-9 W/(m K)) — results of OGS
calculations
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Figure 6. Range of liquid saturation evolution at different points
in the buffer for variation of buffer intrinsic permeability (‘lower
bound’: 3-8 x 1072" m?; ‘upper bound’: 1-0 x 1072° m?) — results
of OGS calculations




variation of the initial density of saturation (including the initial
saturation and maximum swelling pressure) has a significant
influence on the final value of stress in the buffer.

Variations of boundary and initial conditions

The results of the variation of boundary and initial conditions
show that the variation of the initial canister power within the
defined range has a moderate influence on the calculated
temperatures in the buffer. In the OGS results, the maximum
temperature at point P11 shows an absolute variation of
approximately 10°C for a variation in initial canister power
between 1545 and 1837 W (Figure 7).

Considering a desaturation of the rock in the near field of the
borehole before deposition also influences the modelling results.
The thermal as well as the hydraulic output quantities change by
more than 10% relative to the base case results when considering
desaturation.

Variations of considered physical processes

The calculations performed by Criepi using the code Lostuf
and hydraulic
processes. The variation of considered processes showed that this

included the coupling between mechanical
coupling has a significant influence on the results.

In the base case of the sensitivity analysis, the fluid viscosity is
defined as a function of temperature (Equation 14). Neglecting
this temperature dependence has the effect that the calculated time
until full liquid saturation is reached in the buffer is extended
significantly (Figure 8) — at point P11 from 2-5 years in the base
case to 5-6 years in the case with a constant fluid viscosity. The

Table 6. Identified degree of influence of material parameter
variations within the selected ranges on selected output
quantities — calculations using the FE code OGS

Degree of influence on output
quantities: %

Parameter
Thermal Hydraulic Mechanical

Rock intrinsic permeability 20 >100 2
Buffer intrinsic permeability <1 46 <1
Buffer density at saturation <1 24 920

(including retention,

permeability and swelling

pressure)
Rock thermal conductivity 12 21 <1
Buffer tortuosity <1 18 <1
Rock retention properties <1 15 <1
Rock porosity <1 8 <1
Buffer thermal conductivity <1 8 <1
Rock relative permeability <1 5 <1
Rock thermal capacity 2 2 <1
Buffer relative permeability <1 <1 <1
Buffer thermal capacity <1 <1 <1
Buffer Poisson'’s ratio <1 <1 <1
Buffer Young's modulus <1 <1 <1

Bold numbers indicate that the influence corresponds to a relative change of
more than 10%
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Figure 7. Range of temperature evolution at different points in
the buffer for variation of initial canister power (‘lower bound’:
1545 W; ‘upper bound’: 1837 W) — results of OGS calculations

temperature in the buffer reaches values of about 80°C, which
causes the temperature-dependent viscosity in the base case to
decrease to values of approximately 3-2 x 10~* Pas. The viscosity
in the case with constant fluid properties is thus with a constant
value of 1-0 x 10 Pas overestimated through large parts of the
simulation. According to Darcy’s equation, the fluid velocity is
inversely proportional to the fluid viscosity. An overestimation of
the viscosity leads to a slowing down of the fluid velocity
compared to the base case, which is the reason for the extended
time until full liquid saturation.

Results of the code comparison
In the following sections, selected results of the code comparison
are described.

TH calculation considering vapour diffusion and
temperature-dependent fluid properties

In general, the thermal and hydraulic results showed very good
agreement between all codes in all stages of the code validation.
As an example, the results from stage 2b, where Richards’s
approximation is applied and vapour diffusion as well as
temperature-dependent fluid properties (i.e. fluid density and
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Figure 8. Change in liquid saturation evolution at different points
in the buffer for variation of considered physical processes
(‘'variation’: neglecting temperature-dependent fluid viscosity) —
results of OGS calculations




viscosity) are considered, are described in the following sections.
All six teams participated in this stage.

THERMAL RESULTS

In Figure 9, the calculated temperature profiles for one point in the
buffer in stage 2b are compared. The value of the maximum
temperature at the point closest to the heater (P11) varies between
81°C (OGS, Lagamine, Comsol) and 82°C (Lostuf, Code Bright),
while the time that the maximum is reached lies between 19-7 years
(Code Bright) and 21-5 years (Tough2). The calculated temperature
evolutions agree very well for all points in the buffer. The small
deviations between the results of the different codes (below 1°C
and 1-8 years, respectively, at point P11) can be attributed to
differences in the partitioning of calculation and evaluation time
steps — in the case where too few evaluation time steps are used,
the time when the peak temperature is reached and the evaluation
time steps may not coincide. The relative deviation in the calculated
temperature maxima for all observation points is below 2%.

HYDRAULIC RESULTS

The hydraulic processes are evaluated using liquid saturation and
liquid pressure at different points of the buffer. Examples are
shown in Figures 10 and 11. At the point closest to the heater, full
liquid saturation is reached after 2-2 years (Tough2) to 2-8 years
(Lagamine). The differences of the results of the Tough2
calculation compared to those of the other codes can be attributed
to the fact that, instead of Richards’s approximation, a mobile gas
model is applied in Tough2. Overall, the qualitative and
quantitative agreement between the results of the different codes
is very good.

THM calculation with a simplified swelling term for the
bentonite

THERMAL RESULTS

Since the coupling between thermal and mechanical processes is
considered unidirectional (in the form of temperature-induced
stresses), the temperature evolution calculated in stage 3b is
similar to that in stages 2a, 2b and 2c (stage 2b results are
illustrated in Figure 9). As the case in those stages, the results of
the different codes agree very well in terms of the qualitative and
quantitative temperature evolution at different points in the buffer.
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—— Code_Brig
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L —~— Lagamine
& 80 —_— Logtuf
@ 70F  ——0GS
=] ———— Tough2
'}G 60 oug
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Figure 9. Stage 2b — temperature evolution at point P11
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Figure 10. Stage 2b — evolution of liquid saturation at point P11

HYDRAULIC RESULTS

In Figure 11, the evolution of liquid saturation at point P11 is
shown. As in stage 2, the saturation decreases at early times due
to the strong temperature increase close to the heater. The time
that full liquid saturation is reached at point P11 varies between
4-9 years (Tough2) and 64 years (Code Bright). Some
differences in the liquid saturation profiles can be observed,
particularly between the results of Code Bright and those of the
other codes. This deviation can be attributed to the different
coupling mechanisms between hydraulic
processes as well as to the different swelling models. The
Code Bright model considers the change of porosity due to the

and mechanical

swelling of the bentonite. Therefore, when porosity diminishes,
both liquid saturation degree and liquid pressure tend to increase,
since there is less space for the embedded water. The other
models do not consider this coupling, as defined in the task
description.

MECHANICAL RESULTS

An example of the mechanical results from stage 3b can be found
in Figure 12, where the time evolution of the effective radial
stresses at point P11 is shown. As the liquid saturation increases
due to the inflow from the rock, swelling pressure is induced in the
buffer. Once full liquid saturation is reached at the point (after
approximately 6 years for point P11), the liquid pressure
contributes to the effective stress according to Equation 2, which
leads to a sudden decrease in the compressive stress. After 10
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Figure 11. Stage 3b — evolution of liquid saturation at point P11
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Figure 12. Stage 3b — evolution of radial stress at point P11

years, the effective radial stress reaches a value of approximately
5MPa. Some deviations occur between the Code Bright results
and the results of the other codes, which can be attributed to the
differences in the saturation evolution and different swelling
models. Overall, the mechanical results agree qualitatively and
quantitatively for all codes.

Conclusions

The sensitivity analysis performed as one of the tasks within the
Task Force on Engineered Barrier Systems included variations of
material parameter values, boundary and initial conditions,
considered physical processes and alternative model geometries,
amounting to 60 different modelling cases. This in-depth analysis
helped evaluate the influence of parameter and conceptual
uncertainties on the results of coupled THM modelling of EBS
and identify key parameters and key processes. Among these
parameters, which proved to have a significant influence on the
thermal, hydraulic or mechanical output quantities, are the rock
intrinsic permeability, the buffer density at saturation (including
maximum swelling pressure, intrinsic permeability and retention
behaviour), rock thermal conductivity and rock retention
properties. Furthermore, it was demonstrated that the consideration
of the mechanical-hydraulic coupling strongly affects the
saturation evolution in the buffer. An in-depth knowledge of the
parameters and processes affecting the modelling results will be
valuable also for future modelling activities within the Task Force

on Engineered Barrier Systems and elsewhere.

From the code comparison, it can be concluded that very good
agreement between the results of the different codes was achieved
for the coupled TH processes, taking into account Richards’s
approximation, vapour diffusion and temperature-dependent fluid
properties. For the coupled THM processes, some deviations
remain, while the overall qualitative agreement is good. For the
remaining differences, explanations were identified, among these
are differences in process couplings and definition of the
mechanical material behaviour of the bentonite.

One crucial aspect, which is well known to numerical modellers
but which should be pointed out once again, is the importance of
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discretisation studies prior to running the actual simulations. In
the code comparison, it was shown that the number of elements
between the observation points and the material interfaces is
decisive for the time until liquid saturation is reached, but the
temporal discretisation and the number of evaluation steps were
also shown to influence the agreement of the results.

The cross-code comparison encouraged a fruitful exchange among
modelling teams. In particular, the stepwise increase in the
complexity of the coupled simulation helped provide in-depth
insights into the individual behaviour of the codes when
modelling the coupled THM behaviour of the EBS. Serving as a
benchmark example for coupled THM simulations of bentonite-
based EBS, the code comparison task will support comparisons
between modelling results and experimental data, which are
performed within the Task Force on Engineered Barrier Systems.
This can contribute to increase the confidence in the modelling
capabilities of several codes used for safety evaluations of
repositories for spent fuel and high-level radioactive waste.
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